high pressure (1 MPa for every 100 m), high-salt and low-nutrient conditions. Pressure affects various aspects of metabolism in very different ways (Simonato et al., 2006) . Little light penetrates below 500 m, the presence of food is scarce and many organisms have adapted to survive long periods without nutrition. Prokaryotic adaptation to deep sea habitats has been reviewed by Simonato and colleagues (2006) and Lauro and Bartlett (2008) . It is assumed that life here will be heterotrophic and largely supported by influxes of nutrients coming down from the more 'fertile' waters above. Nutrients slowly reach the seabed in the form of dead whales, crustaceans, fish, kelp, wood and their debris. These all carry the microbiota that was associated with them as they sank to the ocean bed (Egan et al., 2008) . These surface-associated microbes can to a certain extent also adapt to the changing conditions in which they now find themselves.
Microbial isolates or communities of some deep-sea 'oases' such as hydrothermal vents in the seafloor (Nakagawa and Takai, 2008) or whale falls (Tringe et al., 2005) have been sampled and studied, but these are exceptions which we do not address here.
Databases and computing tools
Marine microbe researchers are highly organized with respect to storing and sharing their data. The Community Cyberinfrastructure for Advanced Marine Microbial Ecology Research and Analysis (CAMERA) aims to develop global methods for monitoring microbial communities in the ocean and their response to environmental changes. The CAMERA's database (http://camera.calit2. net) includes environmental metagenomic and genomic sequence data, associated environmental parameters ('metadata'), pre-computed search results, and software tools to support powerful cross-analysis of environmental samples (Seshadri et al., 2007) (Fig. 1) . The CAMERA includes the Sargasso Sea and GOS expedition data, as well as a vertical profile of marine microbial communities collected at the Hawaii Ocean Time-Series station ALOHA by Ed DeLong and his research team at MIT. In addition, the MetaLook software has been developed for visualisation, analysis and comparison of marine ecological genomic and metagenomic data with respect to habitat parameters (http://www.megx.net/metalook) (Fig. 2) . Table 1 summarizes deep-sea and sediment (meta)genome sequencing projects.
Most of the sequenced culturable microorganisms from the deep-sea are Alteromonadales from the Gammaproteobacteria. Unique properties of sequenced deep-sea microbes are that they all have a high ratio of rRNA operon copies per genome size, and that their intergenic regions are larger than average (Lauro and Bartlett, 2008) . These properties are characteristic of bacteria with an opportunistic lifestyle and a high degree of gene regulation to respond rapidly to environmental changes when searching for food. A large number of genes are found for synthesis of mono-and polyunsaturated fatty acids and membrane unsaturation in these deep dwelling microorganisms, as they need to maintain membrane fluidity at low temperature and high pressure (Simonato et al., 2006) . They also contain a larger than average repertoire of transport proteins for scavenging different types of food. Large numbers of proteins are encoded for chemotaxis, flagellar assembly and motor function to allow them to hunt for dissolved and particulate organic matter, also called 'marine snow' (Azam and Long, 2001; Kiorboe and Jackson, 2001 ). The latter consists mainly of diffuse gels with a variety of organisms living together in biofilms and communities highly dependent upon each other for survival. The marine snow can sink thousands of metres into the sea. This brings down to the seabed a lot of organic material, nitrogen and phosphorus, helping to sustain the communities present at depth (for a review see Azam and Malfatti, 2007) . In order to make use of this food source the microorganisms have fine-tuned hydrolytic enzymes and nutrient uptake systems.
Very few metagenomics studies of deep-sea communities have been reported so far, and include only deep water samples from the North Pacific Gyre ALOHA station (DeLong et al., 2006) and the Ionian Sea in the Mediterranean (Martin-Cuadrado et al., 2007) , and (sub)seafloor samples from the Peru Margin (Biddle et al., 2008) and the Eel Basin off the coast of California (Hallam et al., 2004) (Table 1 ). The cold (2-5°C) North Pacific deep waters were found to contain Deferribacteres, Planctomycetaceae, Acidobacteriales, Gemmatomonadaceae, Nitrospira, Alteromondaceae, and SAR11, SAR202 and Agg47 bacterial clades (DeLong et al., 2006) ; these microbial communities were enriched in genes encoding transposases, pilus synthesis, protein transport, polysaccharide and antibiotic synthesis, the glyoxylate cycle, and urea metabolism, relative to surface communities. The warmer (14°C) deep Mediterranean waters contained mainly Proteobacteria, but also Actinobacteria, Firmicutes, Planctomycetales, Chloroflexi, Bacteroidetes, Acidobacteria, and also Crenarchaeota (Martin-Cuadrado et al., 2007) . Enriched functional categories were again for pilus, polysaccharide and antibiotic synthesis, as well as peptide and amino acid transporters, while genes involved in degradation of complex biopolymers and xenobiotics were also abundant. The high percentage of genes encoding dehydrogenases, and among them cox genes, suggested that aerobic CO oxidation may play a role in deep seas as additional energy source.
The marine subsurface at great depths is a distinct microbial habitat. Metagenomics analysis (GS20 pyrosequencing) of ng amounts of DNA extracted from 1-50 m below the seafloor at an Ocean Drilling Program Site (seafloor depth is 1229 m) on the Peru Margin showed that only~10% of the sequences had a detectable homology to known sequences (Biddle et al., 2008) . Archaea, and particularly Crenachaeota, appear to be the dominant microbes in these environments, and could be a source of as yet completely undiscovered enzymes with unique properties.
Discovery of novel enzymes from deep-sea microbes
Marine enzyme biotechnology can offer novel biocatalysts with properties like high salt tolerance, hyperthermostability, barophilicity, cold adaptivity, and ease in large-scale cultivation (reviewed by Debashish et al., 2005) . Metagenomics strategies are powerful tools to identify enzymes with novel biocatalytic properties from unculturable members of microbial communities (Ferrer et al., 2009; Steele et al., 2009) . The GOS project discovered hundreds of truly novel protein and enzyme families from marine surface microbes for which no function is yet known (Yooseph et al., 2007) . Deep-sea and sediment microbes should provide an enormous reservoir of low-temperature and high-pressure adapted enzymes. Both sequence-based and function-based screening approaches have been used to identify enzymes with potentially interesting biocatalytic activities from cultured deep-sea microbes as well as uncultured metagenomes (Kennedy et al., 2008; Kobayashi et al., 2008) (Table 2) .
For instance, highly salt-tolerant and pressure-tolerant esterases were identified in a metagenome expression library generated from microbes isolated from a deep-sea hypersaline anoxic basin in the Eastern Mediterranean (Ferrer et al., 2005) . The amino acid content of proteins in psychrophilic piezophiles is also different from that in mesophiles. There are more polar amino acids in the proteins, resulting in a loss of rigidity and increased structural flexibility for enhanced catalytic activity. The adaptive properties of psychrophilic enzymes are high specific activity, relatively low temperature optima and high thermolability (Gomes and Steiner, 2004) . Kobayashi et al. (2008) Adapted from Kennedy and colleagues (2008) .
A major challenge will be to develop alternative hosts and their associated vectors for heterologous expression of genes from the diverse phyla existing in the deep-sea ecosystem (Ferrer et al., 2009) .
Applications
Cold-adapted enzymes are advantageous for waste decomposition in cold environments, for food processing, flavour enhancement (He et al., 2004) and preservation, and for processes that require the rapid inactivation of enzymatic reactions (Huston et al., 2000; O'Brien et al., 2004) . Piezophilic enzymes could be useful for food sterilization at high pressure and low temperature, improving preservation of flavour and colour. Halophilic enzymes can be applied for non-aquatic reactions, as they have better thermostability and other unique properties in organic solvents, and could be used in anti-fouling coating and paint industries (Yebra et al., 2004) , but also for synthesis of optically active substances. Finally, many deep-sea bacteria can synthesize interesting chemical compounds, such as omega-3 polyunsaturated fatty acids that are considered useful in reducing the risk of cardiovascular disease, and polyketides (Siezen and Khayatt, 2008) which could be used as novel antibiotics.
